Photomicrobial fuel cells (p-MFCs) are devices that use photosynthetic organisms (such as cyanobacteria or algae) to turn light energy into electrical energy. In a p-MFC, the anode accepts electrons from microorganisms that are either growing directly on the anode surface (biofilm) or are free floating in solution (planktonic). The nature of both the anode and cathode material is critical for device efficiency. An ideal anode is biocompatible and facilitates direct electron transfer from the microorganisms, with no need for an electron mediator. For a p-MFC, there is the additional requirement that the anode should not prevent light from perfusing through the photosynthetic cells. The cathode should facilitate the rapid reaction of protons and oxygen to form water so as not to rate limit the device. In this paper, we first review the range of anode and cathode materials currently used in p-MFCs. We then present our own data comparing cathode materials in a p-MFC and our first results using porous ceramic anodes in a mediator-free p-MFC. bacteria or cyanobacteria that are capable of using the electrode surface as the terminal electron acceptor in their respiratory/photosynthetic processes. MFCs and p-MFCs can be single-or dualchambered; in addition, they can either contain a biofilm that is growing on (or near to) the electrode surface, or they can contain planktonic cells [1] [2] [3] [4] . The maximum device voltage is given by the difference between the redox potential of the redox reaction occurring at the anode (fuel oxidation) and the redox reaction at the cathode (usually the reduction of oxygen). The energy held in the fuel is larger than the energy required to drive the metabolic processes of the microorganisms, and allows the generation of small amounts of additional electrical energy [5] . For the sake of simplicity, we focus on dual-chambered devices where the anode and cathode are in individual compartments separated by a proton-permeable membrane. The electron source in the anodic compartment is the main difference between p-MFCs (containing phototrophs) and MFCs (containing heterotrophs). A phototroph is an organism that can use light as an energy source, e.g. cyanobacteria, algae and purple non-sulfur bacteria. The main focus of this paper is on p-MFCs that contain cyanobacteria and algae, which fix CO 2 by photosynthesis. In these p-MFCs, water is oxidized under illumination, generating oxygen, electrons and protons. The electrons are collected at the anode, whereas the protons diffuse to the cathode where they react with oxygen to form water. In contrast, MFCs contain heterotrophs, which are organisms that cannot fix CO 2 or use light as an energy source. In MFCs, heterotrophic bacteria are fed with acetate or other organic molecules which they break down to produce CO 2 , protons and electrons [6] . In p-MFCs, the anode is usually aerobic, and the cyanobacteria and/or algae in the chamber are given only minimal media and light [7, 8] . In MFCs, the anode compartment is typically anaerobic [9] . Maintenance of anaerobic conditions requires additional energy input. The use of phototrophs in p-MFCs, therefore, allows for use of simpler set-ups with lower energy consumption. p-MFCs continue to produce power in the dark and it has been shown by several research groups that the photosynthetic microorganisms are able to donate electrons to the anode both while they are photosynthesizing and while they are respiring in the dark [3, 10, 11] .
Electrons can be transferred from electrogenic cells (organisms that can produce a current by donating electrons to acceptors in the environment) to the anode by a variety of mechanisms [12, 13] . In the first mechanism, a redox mediator shuttles the electrons from the cells to the anode [10, 14] . Redox mediators can either be naturally occurring (small molecules secreted by the organisms themselves) or artificial (added to the electrolyte) [5, 15, 16] . Surface-supported redox polymers such as poly(aniline) and poly(pyrrole) have also showed promise as materials capable of transferring electrons from living cells to electrodes [17, 18] . Alternatively, the cells can carry out direct electron transfer (DET). In DET, the electrons are thought to be transferred via redox proteins in the cell membrane or cell wall directly to the electrode surface [19, 20] . A final suggested mechanism is electron transfer via proteins excreted into the extracellular matrix or proteins that are in bacterial pili [21] . The identification of electrogenic organisms for use in p-MFCs is an active area of research, and will help to clarify why, in an aerobic environment, electrons are transferred to the anode rather than to oxygen which is a convenient electron acceptor [22] [23] [24] . A study by Pisciotta et al. [25] proposed that the electrogenic activity of photosynthetic organisms is an overflow mechanism which protects the plastoquinone pools from over-reduction at high light intensities. This finding suggests that for p-MFCs the highest power outputs would be expected for light intensities greater than those required for normal photosynthetic metabolism. If this theory is correct, then it has important implications for reactor and anode design. Useful light intensities for p-MFC power generation would have to be sufficiently high to cause a state of considerable light stress in the cells without killing them, and this puts the viability of cells that do not have access to an alternative electron acceptor (the electrode) at risk. Porous electrodes (with pores in the millimetre region) could enable the illumination of biofilms over a large area, and might therefore lead to greater power generation in a p-MFC. Conversely, flat and non-transparent electrodes present the poorest use of light and reactor volume.
p-MFCs have been reported containing both single and multiple species of microorganisms [26] [27] [28] [29] . Pure colonies of both algae and cyanobacteria have been investigated, initially with added redox shuttles, and progressively without artificial electron mediation [30] . Mixed colonies can be made up entirely of phototrophs, or contain a mixture of phototrophs and heterotrophs. In common with MFCs, p-MFCs containing mixed biofilms, that are allowed to evolve naturally, have several advantages. The need for sterile working conditions is removed, and the p-MFC can be inoculated with a mixed culture, e.g. cyanobacteria and algae obtained from pond water. Natural selection allows the slow acclimatization of mixed cultures to an environment where electrogenicity (donation of electrons to the anode) is advantageous [27, 28] . Mixed biofilms also show greater tolerance to infection and to unforeseen shortages of light or nutrients [31] . There is still very little knowledge of the processes occurring at the anode in a p-MFC. It is usually assumed that in a mixed biofilm the bacteria (and possibly cyanobacteria) are responsible for transferring electrons to the anode. The role of the phototrophic algae and cyanobacteria is to fix CO 2 to generate organics, which are consumed by the heterotrophic bacteria. This is a reasonable assumption as a similar mechanism operates in 'photosynthetic algal-microbial fuel cells', where bacteria in an MFC are batch fed with mixed photosynthetic organisms from an algal bioreactor [32] . However, many more studies are needed to investigate and understand the anodic processes occurring in a p-MFC.
The main disadvantage of p-MFCs is that they currently exhibit low power densities. In a comprehensive review, McCormick et al. [12] compared published power densities for p-MFCs. The maximum power output for a p-MFC (mediator-free, containing only oxygenic photosynthetic organisms) was 105 mW m −2 , although generally much lower power densities in the range of a few mW m −2 were observed [33] . Care must also be taken when making direct power comparisons as the highest reported power density was for a microfluidic device with a very small anode area (0.03 mm 2 ), whereas lower efficiencies were obtained for devices with considerably larger anodes. Higher maximum power densities have also been reported for p-MFCs containing mixed consortia or purple bacteria, although in these devices, the anode was also fed with sacrificial organics (approx. 750 mW m −2 ) [34] [35] [36] [37] [38] . McCormick et al. calculated that if p-MFC technology is optimized, power densities between 700 and 7700 mW m −2 may be achievable. In spite of the relatively low power densities, the technology has a number of advantages. It is potentially operational at extremely low cost, as the inputs required-air (to provide oxygen at the cathode), sunlight and small amounts of unsterile water-are essentially free. The microorganisms can be sourced locally and represent a self-replicating and self-repairing catalyst. In addition, the cell design and electrode materials can be low cost and avoid the use of noble metal catalysts [39] . MFCs have been investigated for applications in sensing [40] and water purification (by bacterial oxidation of organic matter to CO 2 [41] ); as yet there are few studies of p-MFCs for these applications, but the potential for their use is high [42, 43] . A final benefit of p-MFCs is the production of organism-specific molecules, which could be hydrogen, bio-oil or high-value products in the form of pigments for the food industry and extracts for pharmaceutical applications. An even simpler output is biomass that can be fed directly to bacteria in the anode of an MFC [44, 45] .
A 'hybrid paper' is designed to review the current literature before introducing some original results. In this hybrid paper, we first review some of the recent advances in anode and cathode materials for p-MFCs (and MFCs where relevant). Key parameters for the comparison of the systems reviewed are summarized in table 1. Finally, we introduce our own work not only on cathode limitations in a p-MFC, but also our measurements on mediator-free devices containing porous ceramic anodes.
A review of photomicrobial fuel cell anode materials
The anode material in a p-MFC needs to exhibit long-term stability and be biocompatible. It needs to have a reasonably high conductivity and a low fabrication cost. In addition, it needs to be electrochemically stable in the potential window of interest and have a surface that is suitable for cell adhesion. A final requirement for p-MFC electrodes is to allow light to enter the anode chamber to illuminate the phototroph-containing biofilm. Carbon represents a good compromise [60, 61] . Activated carbon cloth is particularly appropriate as it is robust and has the desired high internal surface area [62, 63] .
Nishio et al. [46] investigated the adaptation of green hot spring microbial mats to graphite-felt anodes with phylogenetic analysis before and after they were put in a p-MFC for 9 days. The aircathode in their system was adapted from Cheng et al. [64] and consisted of carbon cloth coated with platinum (0.5 mg m −2 ) on the air side and polytetrafluoroethylene (PTFE) layers on the anolyte side. Nishio's group measured an increase in maximum power generation from 3.7 (after 6 days) to 9.2 mW m −2 (after 10 days), and operated the p-MFC at comparatively low external resistance of 0.1 kΩ beyond the polarization curve measurements. These conditions favoured the growth of green algae and heterotrophic bacteria on the anode, whereas cyanobacterial species disappeared. Based on these results, Nishio et al. [47] tested a mixed culture of Chlamydomonas reinhardtii and Geobacter sulfurreducens in a similar p-MFC and confirmed a syntrophic relationship between green algae and heterotrophic bacteria, with power outputs of 41 mW m −2 achieved in the light. Metabolite analysis revealed that the iron-reducing bacterium G. sulfurreducens generated current by oxidizing formate that was produced by C. reinhardtii in the dark, and the authors concluded that the excretion of organics by the phototroph was the bottleneck in the syntrophic light/electricity conversion.
The supremacy of carbon electrodes in MFC design was recently challenged in a paper by Baudler et al. [65] . The authors questioned the suitability of carbon electrodes arguing that the comparatively low conductivity of carbon results in a lower cell voltage/power, which has to be compensated with greater electrode surface areas resulting in greater material expenditure for scaled-up systems. The authors compared polycrystalline graphite electrodes to gold, silver, copper, nickel, cobalt, titanium and stainless steel anodes. Silver and copper are known to have anti-microbial properties [66] , but the authors showed that there was no toxicity in MFCs containing electrogenic bacteria. They concluded that copper was a promising future anode material for MFC use, and showed that owing to its high conductivity, only a thin film of copper would be required. This makes the relative cost for copper anodes lower than that for polycrystalline graphite. A second drawback of carbon which is specific to p-MFC applications is that the dense black electrodes can stop light from getting to the microorganisms. p-MFCs therefore frequently use transparent electrodes made from indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) deposited onto glass.
One potential disadvantage of metal electrodes is the low surface roughness which may limit surface attachment of living cells [67] . A second disadvantage is the difficulty in structuring metal electrodes to give materials with well-defined pores in which cells can grow. A number of studies have shown that the nanoscale surface morphology of electrodes is essential to create an effective interface with microbes [68] [69] [70] [71] . Sanchez et al. [72] compared carbon microfibre paper with carbon nanofibre mats in an MFC. The study accounted for differences in conductivity, surface area and size of the electrodes, confirming that the spacing and the size of surface features resulted in a 10-fold difference in device performance. In our own work, we found that poor-quality Chlorella vulgaris biofilms grew on gold electrodes. Scanning electron microscopic imaging of the biofilms on gold showed that the electrode surface was sparsely populated with misshapen cells and that an extensive extracellular matrix had not been formed. Healthier algal biofilms with extensive extracellular matrix were found on FTO on glass or porous ceramic electrodes [51] .
Bombelli et al. [48] used a multi-channel device to directly compare the power output of mediator-less p-MFCs containing different anode materials. Pseudanabaena limnetica biofilms were grown on ITO-coated polyethylene terephthalate (ITO-PET), stainless steel, polyaniline-coated FTO glass and carbon paper electrodes. Electrodes were compared for surface roughness and hydrophilicity, and the power output of all electrodes was tested simultaneously in a multichannel p-MFC with inoculate from the same parent culture. ITO-PET and stainless steel were the best-performing substrates, and there was an apparent dependence of power output on the surface energy of the anode material. Importantly, the maximum power output for devices containing stainless steel and ITO-PET electrodes appeared to be different under illumination when compared with in the dark. This surprising result led the authors to suggest that 'dark and light power outputs may be a result of distinct electron export pathways that are able to interact differently with the anodic material used'. The electrode surface roughness showed little significance, possibly as the experiments were conducted in a stagnant solution where the cells could settle on the surface. However, it is likely that for industrial as well as sensing applications, p-MFCs will be required to work under shear flow conditions, where the electrode surface roughness has a greater impact on biofilm formation and stability.
In a 2014 study, Ng et al. [49] showed the potential of reduced graphene oxide (RGO) electrodes for p-MFC use. RGO films were deposited onto glass slides using the LangmuirBlodgett technique. The RGO films had a thickness of about 800 mm and conductivity (2.74 S m −1 ) about 40 times lower than that of ITO glass. Despite the low conductivity, RGO electrodes were found to give higher power densities when compared with ITO electrodes in a p-MFC. The p-MFC contained Chlorella sp. (UMACC 313), and the authors attributed the high performance to the porosity and surface chemistry of the RGO. The RGO electrodes contained pores between 1 and 4 μm in diameter which were thought to create a beneficial microenvironment for the cells which 'improved cellular communication, transportation of oxygen and nutrients and therefore removal of wastes and cellular metabolism'.
A study by Zou et al. [4] compared polypyrrole (PP) with polyaniline electrode coatings in a mixed culture p-MFC. Both polymers were coated on carbon paint and operated in an air-cathode p-MFC. In both cases, the cathode was an assembly of platinated carbon cloth and a PTFE membrane. The PP-coated anode produced 1.3 mW m −2 , whereas the polyanilinecoated anode generated 0.95 mW m −2 . However, both polymer coatings were superior in power output to the bare carbon paint p-MFC control (0.35 mW m −2 ), which the authors attributed to more efficient electron transfer from the biofilm rather than any possible increase in surface area. Their conclusion was supported by a faster photo-response (power output response to changes in lighting condition) from polymer-coated anodes, as opposed to the slow changes observed with the control. Nanostructuring of electrode surfaces has also been successfully demonstrated with PP. PP has attracted sustained interest owing to its biocompatibility, high surface energy/hydrophilicity, easily controllable deposition and excellent conductivity at neutral pH, which is a great advantage over alternative electropolymers such as polyaniline. Zou et al. [17] also investigated different nanostructures of PP. Granular films (containing spheres with 200-500 nm diameter) and fibrillar films (20-30 nm diameter fibrils in a densely packed network) were compared with non-coated carbon fibre anodes in a mixed culture p-MFC. The authors believed that the anodes coated in fibrillar PP performed better owing to a better intercalation of fibrils and cells, which established an interface for the discharge of electrons that could not be achieved with a granular surface morphology. However, the long-term stability of PP can be an issue for p-MFC applications, even if films do not degrade until several months after polymerization [73] .
Kumar et al. [50] recently addressed the stability of PP by using RGO as a conductive support. PP-coated RGO was used as the anode of an MFC (it has not to the best of our knowledge yet been tried in a p-MFC), and was found to be more durable than PP alone. In a comparative study, bare carbon cloth provided a power density of 377 mW m −2 , whereas PP-coated carbon cloth increased the maximum power density to 615 mW m −2 . The maximum power increased further to 791 mW m −2 if graphene oxide was used as a support for PP. Finally, an environmentally benign reduction of graphene oxide with Ocimum tenuiflorum (plant) extract before PP deposition improved conductivity, and a power density of 1068 mW m −2 was achieved. The conductivity and surface area of the RGO/PP composite (2.50 S cm −1 ; 76 m 2 g −1 ) were lower than bare RGO (21 S cm −1 ; 120 m 2 g −1 ), but the higher power output could suggest that PP provides a better surface morphology for interfacing electrogens. The MFC could be operated for 300 h without apparent degradation of the composite electrode.
An in-depth characterization of the electrode response to background electrolyte, pH and biofouling during long-term operation is essential for the development of efficient mixed culture p-MFCs. Sophisticated techniques for enhanced power generation, such as protocols for the selective enrichment of biofilms with phototrophs in a p-MFC, are being developed, but these require well-understood electrode behaviour [74, 75] . It is likely that for this reason Badalamenti et al. [76] used simple graphite rods, poised to −550 mV versus Ag/AgCl, to develop their enrichment protocol, despite the high surface electrode alternatives. The development and thorough characterization of electrodes that enable rapid p-MFC start-up times will be of immense benefit to the field.
In our own work, we have developed porous ceramic anodes for p-MFC use. The macroporous interconnecting ceramic structure was inspired by bone substitute materials, which are optimized to serve as scaffolds for cell growth [77] . The aim was to have two sizes of pores: larger pores to allow light to scatter inside the material and smaller pores to facilitate microbe attachment. A second benefit of materials with millimetre-sized pores is that the pores do not become clogged by the growing biofilm, preventing nutrient starvation of cells growing in the interior of the electrode. A further aim of the development of porous anodes was to support healthy biofilm growth in strong shear flow conditions, which can be present in flow p-MFC operation [78] . In a previous study, small-scale p-MFCs were prepared containing C. vulgaris and the artificial redox mediator ferricyanide [51] . The p-MFC with FTO glass or porous ceramic electrodes strongly outperformed devices with activated carbon cloth electrodes. The maximum power output was highest for FTO glass electrodes (24 mW m −2 compared with 14 mW m −2 ), but we found that more robust biofilms grew on the surface of the ceramic electrodes. In contrast, biofilms formed on planar FTO glass were very easily damaged or removed, especially when exposed to high shear in the flow device. In comparison, the biofilm anchored to the inside of the porous ceramic electrodes was much more stable, suggesting that there may be long-term benefits of using a porous material.
Cathodes in photomicrobial fuel cells
The cathodes in a p-MFC (or an MFC) typically consist of platinum-coated carbon papers, carbon cloths or carbon fibre composites. Stainless steel, gold, platinum and untreated graphite or carbon cloth have also been used [12] . Oxygen is an excellent electron acceptor at the cathode of both p-MFCs and MFCs owing to its high redox potential, and platinum is the catalyst of choice to facilitate the reaction of protons and oxygen to form water. An efficient cathode needs a high concentration of oxygen available at all times, and low solubility of oxygen in the catholyte can be a problem. One solution is to add photosynthetic cultures to the cathode chamber, where they oxygenate the catholyte under illumination. The drawback of this approach is the drop in oxygen concentration in the dark. A recent study by del Campo et al. characterized the light-dependent performance of an MFC with activated sludge at the anode and photosynthetic C. vulgaris at the cathode, showing power drops of 50-70% (from 2.3 to 0.75 mW m −2 ) during the dark phases of a 10 month long testing period [53] . The same device was able to produce a maximum power of 42.98 mW m −2 at optimal O 2 concentration. Despite such problems, the use of oxygenic cultures at the cathode of an MFC remains attractive, because it can help to avoid the use of costly noble metal catalysts and provides excess biomass that can serve as carbon source for a heterotrophic culture at the anode. Xiao & He [79] have even concluded that the use of phototrophic organisms in the anode (either as electron donors or as substrate for heterotrophs) is not practical and recommend the use of phototrophs exclusively at the cathode. An approach to improve the economic viability of such an MFC set-up was presented by Gouveia et al. [54] , who increased the light exposure of the algae in the cathode to promote added-value pigment production in the cells.
An alternative solution to the low oxygen availability in the catholyte is to replace the liquid compartment with an air cathode. Novel approaches have been addressing the major bottleneck of air cathodes-the proton exchange membrane. High surface area cathodes (such as felts and cloths) usually require a proton-permeable, watertight membrane to contain the solution to the anodic compartment without losing p-MFC functionality. Proton diffusion through the membrane can be slow, and the interfacial area between membrane and cathode is often small, limiting the achievable current density. Dong et al. [55] have shown that air cathodes can be created by covering a stainless steel mesh in a carbon black-PTFE mixture, which was then covered with activated carbon-PTFE, creating a gas diffusion electrode with three phase interfaces on the water-facing side of the cathode. The resulting air cathode therefore possessed a large interface area for the cathodic reduction of oxygen and did not employ expensive membranes or noble metal catalysts. These promising cathodes are currently being characterized and optimized for applications in the future [80] [81] [82] .
In our own work, we have screened a range of carbon cathodes together with two different proton-permeable membranes to optimize our p-MFC.
Experimental details
All materials and chemicals were of analytical grade and purchased from Sigma Aldrich, unless stated otherwise.
Cellular TiO 2 ceramics were fabricated via the replica method (described in detail by Studart et al. [83] and Montanaro et al. [84] ) using reticulated polyurethane foams (Sydney Heath & Son Ltd) with a porosity of 30 pores per inch (ppi) as a template. Briefly, the polyurethane foams were dip coated in a ceramic slip and subsequently treated with high velocity compressed air. All sample components apart from the TiO 2 were slowly evaporated through thermolysis during the sintering step. The ceramic slip consisted of methyl cellulose (1.5 g), polyvinylpyrrolidone K30 (1.5 g), poly(vinyl alcohol) (3.0 g) and TiO 2 powder (300 g, 0.3 μm mean particle size, 99.5% pure from Pi-kem Ltd) dispersed in water (125 ml), poly(ethylene glycol) (3 g) and Dispex GA40 (2.5 ml; Ciba AG). The foundation for an electrical contact was created by filling the pores of a 1 × 5 cm 2 area. The coated templates were dried in air for 24 h before sintering was performed on TiO 2 -powdered Al 2 O 3 tiles in a muffle furnace (Elite Thermal Systems Limited) in air. The samples were initially heated to 600 • C at a rate of 60 • C h −1 , held at 600 • C for 1 h, then heated to 1300 • C at a rate of 120 • C h −1 , held at this temperature for 4 h, and then cooled to room temperature at a rate of 120 • C h −1 . Uniform electrical conductivity was established by chemical vapour deposition of FTO (performed by Solaronix SA). Stainless steel wire was bonded to the non-porous ceramic foundation using silver-loaded epoxy adhesive (RS Components Limited) and was insulated with biocompatible polyether sealant (Warehouse Aquatics). Two FTO-coated TiO 2 ceramics (30 ppi) were produced in the size 6.0 × 7.9 × 0.5 cm 3 for long-term investigations in continuous flow p-MFCs, and one sample was fabricated in a cylindrical shape (diameter: 1.45 × 0.5 cm; 20 ppi) for polarization curves in a stagnant solution p-MFC. The internal surface area of the cylindrical ceramic (7.75 cm 2 ) was based on the average internal area for a number of ceramics with the same dimensions, as measured by cyclic voltammetry [51] .
Air cathodes were made by hot-pressing membranes (Nafion 115; CMI-7000S cation exchange membrane) to various carbon substrates (Zorflex-activated carbon cloth FM10 (Chemviron carbon); carbon paper; carbon felt (Le Carbone)) with a pressure of 0.85 MPa for 30 s at 100 • C.
For the long-term experiments, Lock & Lock containers (HPL805, Hitch & Hike) were converted into air-cathode p-MFCs with an internal volume of 180 ml. The FTO-coated TiO 2 ceramic anodes were positioned at the bottom of the container with air cathodes on either side. Aluminium plates on the air-exposed side of the cathode served as electrical contacts and closed the circuit over an external resistance of 10 kΩ. Two such p-MFCs were constructed: one was operated with the green algae culture Chlorella emersonii (University of Göttingen Culture Collection of Algae), and one was run with the fresh water cyanobacteria Synechocystis sp. PCC 6803 (Department of Biochemistry, University of Cambridge). The cultures were kept in separate light-screened bottles (each 1 l) with constant magnetic stirring, and were continuously pumped between the stock bottles and the p-MFC with a peristaltic pump (ECOLINE VC-MS/CA8-6, Ismatec). The employed growth media were bold basal medium with threefold nitrogen and vitamins-modified [85, 86] for the green algae and BG-11 [87] [88] [89] for the cyanobacteria. Importantly, the flow p-MFCs were operated without the use of artificial electron mediators and without the addition of nutrients. Polarization curves were measured in a smaller p-MFC (3.1 ml internal volume) with stagnant solution for faster start-up times. A range of air cathodes were clamped beneath the anode in a reactor consisting of transparent Perspex layers, separated by silicone layers ( figure 1). A square of the cathode material was clamped at the bottom of the devices, and the cathode area in contact with the solution was 2 cm 2 . C. vulgaris (Department of Plant Sciences, University of Cambridge) was used as electron donor with 2.5 mmol l −1 potassium ferricyanide and 2.5 mmol l −1 potassium ferrocyanide trihydrate redox mediator. Polarization curves were acquired by measuring the voltage with a high-resolution data logger (ADC-24; Pico Technology) over a sequence of different external resistances between 10 MΩ and 100 Ω (RM6 Decade Box; RS Components Ltd). Heating effects were minimized by illuminating the p-MFC from a distance of approximately 25 cm with monochromatic light-emitting diodes (LEDs; 652 nm; light intensity of 6.774 W m −2 at p-MFC position) for 12 h per day.
Results and discussion (a) Batch cells containing artificial redox mediator
Despite the potential benefits of porous ceramic electrodes, they have not been widely used in p-MFCs. In our previous work, the power density was strongly dependent on the nature of the anode material (carbon cloth, FTO glass or porous ceramic). The cathode was FM10-activated carbon cloth; we did not use platinum as a catalyst on the cathode surface as the widespread use of platinum in MFCs and p-MFCs has been identified as a major problem for the costefficiency and sustainability of bioelectrochemical systems. The energy-intensive production of platinum releases 51.2 tonnes of CO 2 per kg of refined platinum [39, 90] . Low-cost sustainable p-MFCs therefore cannot contain platinum, but there is concern that when it is not used the reaction at the cathode surface becomes rate limiting and dictates the current density of the device [91] . We therefore tested a range of commonly used carbon-based air cathodes in batch p-MFC. In all cases, the geometric surface area of the cathode that was in contact with the solution was 2 cm 2 , but the actual internal surface area of the fibrous carbon materials was considerably larger. For example, the specific surface area of the carbon felt used in this study was 22 100-22 700 m 2 m −3 , as determined by González-García et al. [92] . Nitrogen adsorption isotherms of the Zorflex-activated carbon cloth indicated a BET surface area of about 1560 m 2 g −1 [93] . The carbon cathodes were heat bonded to a proton-permeable membrane by hot-pressing; as discussed above, the membrane may substantially reduce the interface area of the cathode where the oxygen reduction occurs.
The ceramic anode had a total internal surface area of about 7.5 cm 2 . As the cathode area was close to that of the anode, a slow cathode reaction would mean the cathodic process should be limiting in these devices. This allowed us to systematically investigate cathode performance to find the best material for our p-MFC. The cathode materials investigated are all commonly used in p-MFCs and MFCs, namely Zorflex-activated carbon cloth FM10 (ZACC FM10 bound to Nafion 115), carbon paper (C-paper + Nafion 115) and carbon felt (C-felt + Nafion 115). Samples of ZACC FM10 were also hot-pressed to CMI-7000S cation exchange membranes (ZACC FM10 + CMI-7000S).
In both p-MFCs and MFCs, the power density is frequently quoted as a function of the geometric surface area of the anode. This can be misleading as the internal surface area of the electrode is generally much higher and the true power density per active electrode area considerably lower than quoted. It is doubly misleading if it is the cathode which is rate limiting. The total internal surface area of an electrode can be estimated electrochemically by measuring the double layer capacitance of the material and comparing it with the double layer capacitance of a sample of the same material with known surface area [94] . To allow comparison of our results with those in the literature, we quote our power densities as a function of the actual internal surface area (P int ; I int ) of the ceramic anode, followed by the value as a function of the geometric surface area (P geo ; I geo ). In the literature, power densities are never quoted as a function of the cathode surface area, and indeed, it can be difficult to know the true active surface area of an air cathode bound to a membrane.
In our studies using relatively small cathodes, the cathode reaction was found to strongly limit the power output. A maximum power density of 7.4 mW m −2 (P geo = 14.5 mW m −2 ) was achieved using ZACC FM10 + Nafion 115. The maximum power outputs of C-paper + Nafion 115 (P int = 0.2 mW m −2 ; P geo = 0.4 mW m −2 ), ZACC FM10 + CMI-7000S (P int = 3.7 μW m −2 ; P geo = 7.3 μW m −2 ) and C-felt + Nafion 115 (P int = 1.1 μW m −2 ; P geo = 2.2 μW m −2 ) only reached 3%, 0.05% and 0.02%, respectively, of the maximum power generation with a ZACC FM10 + Nafion 115 cathode. Figure 2 shows the power curves of FTO-coated TiO 2 ceramic with each cathode material; dashes indicate the respective maximum power output.
We found that ZACC FM10 + Nafion 115 was the most promising air cathode and consistently gave higher voltages in the device, as shown in figure 3a . The large variation in power output between the carbon cathodes is most likely caused by differences in active surface area (cathode surface area contributing to water formation with protons from the anodic compartment). Carbon paper was therefore expected to show the lowest power generation owing to its low surface area. The results also suggest that the active cathode surface area is determined by the structural integrity of the carbon material following the hot-pressing procedure. We selected ZACC FM10 for its durability under pressure; however, carbon felt was strongly affected by the hot-pressing, which destroyed interconnecting carbon fibres and reduced the conductive surface Figure 2 . (a) Power curves showed that ZACC + Nafion 115 (squares) provided 32 times more power density than could be achieved with C-paper + Nafion 115 (diamonds); (b) ZACC + CMI-7000S (circles) and C-felt (triangles) only generated 0.5% and 0.2% of the maximum ZACC + Nafion 115 power output, respectively.
area. The type of proton-permeable membrane used was also critical. Under a load of 100 Ω, the current density for a device containing ZACC FM10 + Nafion 115 was 176 times higher than the current density of a device with ZACC FM10 + CMI-7000S and the open circuit potential (OCP) was six times larger. This could be due to the thicker CMI-7000S membrane increasing the internal resistance of the p-MFC. C-paper + Nafion 115 exhibited a 14 times smaller current density at 100 Ω than ZACC FM10 + Nafion 115 and half of the OCP. The lower current density supported the assumption of poor electrical conductivity owing to reduced active cathode surface area.
In our batch cells, the power generation was therefore clearly limited by the rate of oxygen reduction at the cathode, suggesting that greater power densities could be achieved with better cathode engineering (e.g. larger surface area and/or catalyst on the cathode surface). In future work, we will compare the carbon-based cathodes to systems with metal catalysts on the cathode surface or solution-based catalysts in the cathodic chamber. However, the power densities obtained using ZACC cathodes are comparable to a number of recently published power densities for p-MFCs without platinum catalysts. Madiraju et al. [56] reported by Chandra et al. [59] , who used mixed photosynthetic consortia on plain graphite plates; however, regular acetate feeding was necessary to retain such high power generation, and the anode was kept under anaerobic conditions, requiring N 2 gas sparging. We therefore decided to use the ZACC + Nafion 115 cathodes further and to use them in mediator-free p-MFCs. The current densities (at least in our own studies) of mediator-free p-MFCs are considerably lower than the current densities in p-MFCs containing artificial mediators; we, therefore, believed that ZACC + Nafion 115 cathodes would not limit the current densities obtained in the mediator-free devices. ZACC FM10 + Nafion 115 cathodes were taken forward for studies of mediator-free p-MFCs containing ceramic anodes. The conclusion of our cathode study was that very respectable power densities could be obtained, even when it was the cathode that was limiting the current density of the devices. This suggests that more care should be taken to publish the cathode surface area and to ensure that the cathode is not rate limiting when comparing anode materials in a p-MFC.
(b) Flow cells without redox mediator
Following on from the initial tests using batch cells, we investigated flow p-MFCs containing porous ceramic anodes (6.0 × 7.9 × 0.5 cm 3 ). Artificial redox mediators are not a sustainable option in a p-MFC; first, they can prove toxic to the cells over the long term and second, the constant addition of mediator is costly. The flow cells described here were developed to see if it was possible to obtain power in the absence of any artificial redox mediator. The anodes are shown in figure 4. They were placed into the p-MFC with air cathodes, as shown in figure 5 . power generation and observation of a photo-response from both Synechocystis sp. PCC 6803 and C. emersonii. The cultures were added to the stock bottles and not directly into the p-MFC.
The voltage of the cell containing Synechocystis started to increase about 2 days after inoculation, whereas the voltage of the device containing C. emersonii increased within a few hours. A clear photo-response from Synechocystis (figure 6a) was first observed 9 days after addition of culture, whereas a photo-response from C. emersonii (figure 6b) was seen 1 day after addition. In both devices, dense green biofilms were observed to grow on the anode surface over a period of days. The delay in response from the p-MFC containing Synechosystis may be because time was required for a biofilm to grow on the anode surface, whereas planktonic C. emersonii were able to interact with the anode immediately. The photo-responses of both cultures were characterized by larger voltages in the light than in the dark, indicating that the source of electrons was the photolysis of water by photosystem II, as previously described by Pisciotta et al. [25] . Electron mediator was not added, which suggests that both cultures were inherently able to transfer electrons to the FTO-coated TiO 2 ceramic. The voltages achieved with Synechocystis (80-100 mV, when stable) were at least 10 times higher than with C. emersonii. The voltage from the C. emersonii p-MFC started to decline 6 days after culture addition, indicating that the culture was not viable over long periods in the p-MFC environment. In contrast, a stable photo-response was produced from the Synechocystis p-MFC for two weeks, showing that the culture was suitable for sustained power generation.
The maximum power for these devices is not known as full polarization curves were not measured. The reason for not taking polarization curves was that we have found in the past that it can take up to 12 h to measure each polarization curve, and the measurement can lead to substantial changes in the biofilm and the voltage response. Instead, we decided to monitor the voltage response over the long term. The power densities measured at 10 kΩ were less than 1 μW m −2 . The observation of a positive photo-response from these two devices is promising, and suggests that ceramic anodes can be optimized for use in p-MFCs.
Conclusions and outlook
In this paper, we review materials used in p-MFCs, and discuss the pros and cons of some currently used anode and cathode materials. We present results from batch cells where a range of commonly used cathode materials were investigated and show that the cathode was limiting the power output of the p-MFC and that the cathode material, as well as the choice of protonpermeable membrane, was essential to optimize the devices. Finally, we show preliminary results from flow cells containing cyanobacteria and green algae without any artificial redox mediator. A positive photo-response was seen for both devices and dense green biofilms grew on the anode surfaces. Future research will focus on further cathode optimization, to ensure the cathode does not limit p-MFC device output. We will also look at mixed culture biofilms in flow devices containing porous ceramic anodes. Authors' contributions. K.S. carried out the majority of the measurements, analysed data, wrote and edited the paper. R.J.T. prepared some of the anode samples, edited the paper. P.J.C. carried out data analysis, wrote and edited the paper.
